Bipolar disorder has been associated with anatomical as well as functional abnormalities in a brain network that mediates normal and impaired emotion regulation. Previous brain imaging studies have highlighted the subgenual cingulate (SC) and the amygdalo-hippocampal (AH) complex as core regions of this network. Thus we investigated white matter (WM) fiber tracts between the SC and the AH region, the uncinate fasciculus, as well as between two control regions (pons and cerebellum), using diffusion tensor imaging tractography in 16 euthymic bipolar patients (BP) and 16 sex-, age-and handedness-matched controls. Fractional anisotropy (FA) and apparent diffusion coefficient (ADC) of the reconstructed fiber bundle and the number of virtual reconstructed fibers were compared between groups. The tractography results revealed a significantly increased number of reconstructed fibers between the left SC and left AH in BP as compared to healthy controls. FA and ADC of the reconstructed fiber tract did not differ significantly between the groups. Furthermore, no significant group differences were observed neither for reconstructed fiber tracts between the right SC and right AH nor between the control regions. The present results suggest an altered WM pathway between the left SC and AH region and thus extend previous findings of anatomical and functional modifications in these structures in BP.
Introduction
Mood disorders such as unipolar and bipolar depression have been associated with anatomical and functional alterations in a brain network that includes the subgenual cingulate (SC) gyrus and adjacent orbitofrontal cortices, the amygdala, the hippocampus and the insula, [1] [2] [3] [4] which are supposed to be involved in normal 5 and abnormal emotion regulation. 6, 7 Owing to its numerous interconnections with subcortical and cortical structures, 8 the most ventral part of the cingulate gyrus, the SC, has been designated a significant role within this network. The functional relevance of this structure in mood disorders has been underlined by different lines of evidence, including deep brain stimulation 9 and pharmacological treatment. 10 Furthermore, a pathmodelling meta-analysis of cerebral blood flow in depressive patients 11 has demonstrated that different effective connectivity patterns between the SC and the amygdalo-hippocampal (AH) complex distinguished treatment responders from nonresponders.
To date, the morphometry of these respective brain regions has been investigated, but no study has specifically explored white matter (WM) pathways that might be associated with functional modifications. Indeed, several studies have reported decreased or increased volumes of the subgenual gyrus and the AH complex in patients with unipolar and bipolar affective disorders, 3, 12 but the empirical evidence of WM abnormalities in these regions is less clear. Several studies have reported increased WM hyperintensities in general [13] [14] [15] and in frontal brain regions in particular. 16, 17 Similarly, voxel-based morphometry studies have shown a significantly reduced WM density in prefrontal regions encompassing frontostriatal connections. 18 More recently, a few studies have investigated the microstructural WM abnormalities in bipolar disorder 19 using diffusion tensor imaging (DTI), which provides in vivo information about human WM organization.
Notwithstanding the somewhat inconsistent results of DTI studies, bipolar patients (BP) appear to exhibit increased apparent diffusion coefficients (ADC; rate of microscopic water diffusion) or decreased fractional anisotropy (FA; directionality of water diffusion) in prefrontal WM as compared to healthy control subjects. [19] [20] [21] [22] As the amount of FA has been shown to be an indirect measures of the directionality and coherence of fiber tracts, 23, 24 DTI studies in BP suggest a loss of coherence in frontal WM bundles. However, these studies have investigated predefined and limited regions of interest (ROIs), representing only a part of a specific WM bundles and might thus be susceptible to overlook subtle differences between study groups. Indeed, it might be more reliable to investigate the characteristics of an entire WM tract with recently developed techniques, such as DTI tractography rather than exploring a single region of a fiber bundle. 25 DTI tractography allows the virtual reconstruction of entire WM bundles and their microstructural properties, 24, 26 such as the local orientation of water molecules diffusion, which is thought to be parallel to the dominant local fiber orientation. 27 Tractography algorithms 26 use these information to reconstruct WM tracts by following the continuous path of greatest water diffusivity from a predefined brain region (seed points) through WM. Quantitative tractography provides different measures about the reconstructed fiber tracts, such as the number of reconstructed fibers, mean FA and mean ADC along the virtual reconstructed fiber tract. It is, however, important to state that despite the obvious advantages of tractography, such analyses can neither provide information about the direction of reconstructed fiber pathways nor reflect the anatomical reality of WM fiber bundles, but rather a mathematical estimation of streamlines between the chosen brain structures. 28, 29 In favor of the readability and comprehension of the manuscript, we will, however, use the term 'reconstructed fibers' in spite of 'mathematical estimation of streamlines' in the present manuscript.
In the present study, we used DTI tractography to determine significant alterations in the WM tracts passing through the SC (Brodmann area 25) and AH complex, two regions that have previously been reported to be functionally and morphometrically altered in BP. Previous preclinical and human post-mortem studies 30, 31 as well as tractography studies 32 have highlighted the uncinate fasciculus (UF) as the most important connection between the rostral part of the temporal lobe and the ventral prefrontal and orbitofrontal cortex. Ebeling and von Cramon 31 reported that the UF links -amongst other medial temporal regions -central nuclei of the amygdala with the gyrus rectus (area 11), the medial orbital cortex (area 12) and the subcallosal area (area 25) in a curved manner. In the rhesus monkey, Schmahmann and Pandya 30 could show WM fibers between the hippocampal gyrus/amygdala and basal forebrain areas, such as the subcallosal area 25.
Given these results from anatomical studies on fibers linking ventral prefrontal and limbic brain structures (amygdala, hippocampus, parahippocampal gyrus), we sought, in the present study, to virtually reconstruct fibers of the UF in euthymic BP and healthy controls (HC) to determine potential WM changes that might underlie the previously observed functional alterations in an emotional ventral-limbic brain network. We chose to study a group of euthymic BP to avoid the possible influence of the patients' symptom state on anatomical changes that have previously been reported. 33 
Materials and methods

Participants
Sixteen euthymic patients with bipolar disorder (mean age of onset (s.d.) = 18.13 (3.77)) and 16 healthy volunteers with no history of psychiatric disorders were included. Patients were recruited from the university-affiliated psychiatry department of Albert Chenevier and Henri Mondor Hospitals (Créteil, France). HC were recruited through advertisements in public facilities and did not differ significantly from BP with regard to age, sex and handedness (see Table 1 ).
DSM-IV-TR diagnoses of bipolar disorder in remission were confirmed by a structured diagnostic interview (MINI 34 ) and symptoms-rating scales (Hamilton Depression Scale (HAMDS), Young Mania Rating Scale (YMRS)) were conducted by a senior neuropsychologist (MW) or psychiatrist (JH) in all subjects. Equally, all subjects completed the Beck Depression Inventory(BDI). 35 Euthymia was defined as a score < 7 on the HAMDS 36 and a score < 7 on the YMRS. 37 Whereas no significant between-group differences were observed for manic symptoms (YMRS), BP displayed significantly higher, though very low depression scores (BDI, HAMDS; see Table 1 ).
All patients but two were on lithium monotherapy (N = 5) or combined therapy (lithium, atypical antipsychotics, selective serotonin reuptake inhibitor; N = 9) at the time of the scan. Only one patient fulfiled the criteria of a comorbid Axis-I diagnosis (panic disorder).
Exclusion criteria for all subjects were: age above 65 years, history of neurological condition, history of substance dependence or abuse, previous head trauma with loss of consciousness, pacemakers, bypasses or metallic implants.
The study was approved by the AP-HP Bicêtre hospital ethics committee, and written informed consent was obtained from all subjects before study participation.
MRI acquisition DTI and T1 images were obtained on a GE Signa 1.5 T MRI system (General Electric, Milwaukee, WI, USA). One high-resolution T1-weighted image was acquired with a three-dimensional magnetic resonance imaging (MRI) sequence (slice thickness = 1.3 mm; field of view = 24 cm; 256 Â 256 Â 128 matrix). The diffusion images were acquired using an echoplanar imaging sequence (echo times TE = 70 ms; repetition times TR = 8800 ms; 60 axial slices, 2 mm slice thickness, in plane resolution 1.875 Â 1.875 mm, matrix 128 Â 128). For each slice, five images without diffusion weighting (b = 0), and 41 images with diffusion gradients (b = 700 s/mm 2 ) applied along 41 noncollinear directions were acquired.
Data analyses
DTI data processing. Processing of the DTI data was performed using BrainVISA 3 software (www.brainvisa.org) 38 and included the correction of diffusion images for echoplanar distortion, the evaluation of the diffusion tensor on the basis of the corrected diffusion images and the voxel-wise calculation of the ADC and FA on the basis of the diffusion tensor.
Seed masks. As seed masks for tractography analysis, we manually traced ROI on individual T1 scans, realigned on the anterior commissure-posterior commissure (AC-PC) line scans (see Figure 1 for an illustrative example of each seed mask). Seed masks were then individually registered on diffusion images with an affine transformation algorithm implemented in BrainVISA 3 software. Tracing of the SC on the coronal plane started at the most rostral slice where corpus callosum (CC) was visible and ended caudally at the slice anterior to the one where the internal capsule no longer divided the striatum, controlling that the SC seed mask covered the rostralcaudal extent of the subgenual region. Gray matter ventrally to the genu of CC was included in this seed mask, with a two-voxel extension laterally to include WM to ease tractography. All voxels located closer than two voxels from the CC were excluded to avoid attraction of the tractography process by the CC. The AH complex included the hippocampus, subiculum, parahippocampal gyrus/entorhinal zone and the medial bank of the collateral sulcus as well as the amygdala with adjacent parts of the gyrus ambiens and semilunar gyrus (the amygdala cortical nuclei). The AH seed mask was drawn on the coronal plane with the posterior limit at the level of the posterior commissure and closed laterally by a line that connected the pit of the collateral sulcus to the lateral hippocampus in accordance with Nestor et al. 40 To define the anterior limit more easily, a tracing at the level of the widest slice in the transverse plane was done.
As done in a recent tractography study, 41 we used a positive and negative control for tractography analysis. Therefore, we traced two additional seed masks, that is the pons (traced in the sagittal plane following the outlines of Sullivan et al. 42 and the cerebellum (from the midsagittal plane on, we traced the cerebellar vermis on 10 consecutive slices) to reconstruct a positive control tract between these regions, namely the medial cerebellar peduncle (see Figure 2) . We additionally included a negative control of no output from the tractography by aiming to reconstruct a fiber tract between the pons and the SC, a WM bundle that is not known to exist. Given the known connections between the SC and respectively the dorsal raphe and the periaqueductal gray, 43 we did explicitly exclude these two structures in the tracing of the pons seed mask.
For all seed masks, the total volume as well as the mean FA and mean ADC inside the traced seed masks were calculated.
Tractography. We used a regularized streamline algorithm to reconstruct tracts emerging from seed masks on a voxel-by-voxel basis. 44 This strategy, similar to diffusion tensor deflection, 45 overcomes simple crossing configurations. At each voxel, two parameters were used to get the direction of the resulting tract: the tensor biggest eigenvectors directions with a weight of a (a representing local anisotropy) and inertia (that is, the incident direction of the tract) with a weight of 1Àa. The algorithm stepped forwards a distance of half the voxel size (0.9375 mm) along this direction and did the computation again. The propagation mask excluded voxels likely to belong to gray matter (FA < 0.15). The maximum curvature angle was adjusted for each bundle (201).
We reconstructed fibers using the seed masks and kept those connecting pairs of the following seed masks: right SC and right AH, left SC and left AH, pons and right cerebellum, pons and left cerebellum, pons and right SC, pons and left SC. An illustrative example of tractography between the left SC and left AH in one subject is shown in Figure 3 . For each group, six tractography outputs with the most, the least and average number of fibers are available in the Supplementary material accompanying this article.
To rule out a possible confounding effect of the total seed mask volume on tractography results, we normalized the number of reconstructed fibers for the total seed mask volume (seed mask1*seed mask2). In addition to the number of reconstructed fibers, mean FA and mean ADC along the reconstructed fiber tracts were calculated. 
Statistical analysis
Data were analyzed using the Statistical Package for Social Sciences (SPSS 12.0.1, Chicago, IL, USA). A two-sample t-test was performed to test for age differences between the two samples. We calculated group differences with respect to the seed mask characteristics (volume,
Results
The number of reconstructed fibers per seed mask volume between the left SC and the left AH complex was significantly higher for BP than HC (t(30) = À2.16; P < 0.05; see Table 2 ). One BP was identified as statistical outlier, however, the group difference remained significant after removing this subject (t(29) = À2.12; P < 0.05). Only in BP, a leftward asymmetry with respect to the number of reconstructed fibers between the SC and AH complex was observed (BP: t(15) = À3.27; P = 0.005; HC: t(15) = À0.90; P = 0.38).
The number of virtual reconstructed fibers per seed mask volume between the right SC and right AH, the pons and right cerebellum as well as the pons and the left cerebellum did not significantly differ between the groups and no asymmetry was found. No tractography output was found for the pons and the left and right SC, respectively.
Mean FA and ADC of all reconstructed fiber tracts did not differ significantly between the groups (see Table 2 ).
BP and HC were not significantly different, neither with respect to seed mask volumes, nor with respect to mean FA and ADC inside all seed masks. Descriptive statistics of seed mask volume, FA and ADC measures for the SC and AH complex are summarized in Table 3 .
No significant correlations between clinical variables (illness duration, depression and mania scores) and fiber tracts' characteristics were found.
Discussion
In this first study using quantitative tractography in BP, we report a significantly increased number of reconstructed fibers between the left SC and the left AH region, most probably representing the UF. No significant group differences were found with respect Bold characters indicate statistical significance of the result.
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to the other investigated fiber tracts in patients with remitted bipolar disorder as compared to HC. Our results suggest a regional specificity that is in line with previously observed functional and anatomical modifications in ventral-limbic brain structures in BP. We observed no significant group differences in mean FA and ADC inside seed masks and along all reconstructed fiber tracts. The tractography output from the present study suggests region-specific altered WM pathways, that is an increased number of virtual, reconstructed fibers between the left SC and the left AH complex in euthymic BP. Surprisingly, we did not find significant group differences in diffusion characteristics of the WM bundles (FA and ADC), although usually FA is thought to augment with increased fiber density. However, FA might stay unchanged if the fiber bundle exhibits only macrostructural but not microstructural modifications. Such a macrostructural change could be an increased volume of the reconstructed fiber bundle without a change in fiber density. To elucidate such an effect, we conducted further analysis of the volume of the reconstructed fiber bundle, linking the amygdala/hippocampus and the SC (quantification of voxels occupied by fibers of the bundle, adjusted for the length of the fibers). Indeed, we observed a twofold volume of the left UF in BP as compared to HC (HC: M(s.d.) = 22.24 (14.59); BP: 43.56 (27.67); t(30) = À2.73; P = 0.012). Although the number of reconstructed fibers in a WM bundle is only a mathematical representation of the underlying anatomical structure, it has previously been shown to be a reliable and functional meaningful output from tractography. 29 In this regard, a leftward asymmetry in the number of reconstructed fibers has been observed for the arcuate fasciculus, a tract known to play a critical role in (left-dominated) language processes. 46 Furthermore, a significant correlation between the number of callosal fibers in the superior and inferior temporal/parietal tract and cognitive test performance 29 has recently been found and is in line with functional neuroimaging studies, reporting more unilateral neural activity in poor cognitive test performance. 47 With the tractography approach and the seed points used in the present study, we most probably tracked two WM bundles, notably the UF, linking the SC and AH region and the medial cerebellar peduncle connecting the pons and the left and right cerebellum. As already stated above, the UF is a ventral-limbic pathway that connects rostral temporal, inferotemporal and ventral temporal regions, including the central nuclei of the amygdala and the parahippocampal gyrus, with the medial and orbitofrontal cortices and the subcallosal region (that is, area 25 31, 48, 49 ). It can be easily confounded with the inferior fronto-occipital fasciculus (IFO), 25 as it intermingles with the UF in the region of the extreme and external capsule. 31 In addition, the IFO links superior, middle and inferior temporal gyri and potentially the (658) t ( hippocampus with lateral aspects of the frontal lobe. 48 In the present study, the reconstructed fiber bundle between the SC and the AH complex appears to correspond to the UF as it has been described by recent magnetic resonance studies. 32, 48 Given that we used the SC, a medial ventral area as seed mask, a confusion of the two fiber bundles in the present study seems rather unlikely as the IFO passes through more lateral frontal areas than the UF.
Our result of an increased number of reconstructed fibers between the SC and amygdala/hippocampus, might be interpreted in light of the previously observed relative hyperactivity of these structures in bipolar depression. 2, 50 Consistently with the leftward asymmetry of our tractography result, an increased activity in ventral-limbic brain structures, such as the amygdala and the ventrolateral prefrontal cortex has often been detected in the left hemisphere in bipolars. 2, 50, 51 Equally, structural imaging studies in adult BP have observed predominantly left-sided modifications of these two structures. 3, 52 In this regard, results from lesion studies have revealed secondary mania symptoms after lesions of right hemisphere regions connected to limbic areas 53, 54 and it has been proposed that subcortical and cortical right hemisphere lesions might be implicated in the pathophysiology of bipolar affective disorder and unipolar mania. 55 Although no flagrant right structural abnormality was found in our group of BP, more subtle abnormalities might have been overlooked, and on a very cautious note, the leftward asymmetry of the UF observed in the present study might thus represent leftward compensatory mechanisms in BP as compared to HC.
Contrary to the functional and anatomical results indicated above, neuropathological studies in bipolar disorder have found a decrease in glial cells in the SC, 56 a result that might relate to the comorbid diagnoses of current or lifetime substance abuse in two-thirds of the patients. 57 In contrast to the few existing DTI studies in BP 20 that were based on analyses of intravoxel anisotropy in regionally restricted WM samples (ROI), we took the advantage of diffusion tensor tractography that allows to virtually reconstruct fiber pathways and to compare them to existing anatomical knowledge. In addition, tractography analysis provides a tool for the estimation of macro-and microstructural characteristics along the entire, reconstructed fiber bundle, such as FA, ADC, number and length of virtual reconstructed fibers. Based on previous methodological and neurological studies, these characteristics render an estimate of the WM bundle's integrity. 24, 58 Thus, exploring diffusion characteristics of complete WM bundles might thus be more reliable than the ROI approach, as this method provides information about the entire tract rather than about one single part of it. 25 Kanaan et al. 59 have underlined the controversial use of ROI approaches because of the great variability of WM tracts and the lack of anatomical landmarks to draw them. This methodological shortcoming might explain the rather contradictory findings of DTI studies in BP, reporting predominantly increased ADC or decreased FA in frontal WM [19] [20] [21] with one study reporting increased as well as decreased FA in different ROIs. 22 The present findings have to be interpreted in light of some limitations.
First, DTI-based tractography holds a number of methodological issues. With respect to the tractography algorithm no gold standard procedure is available to date, and the advantages and disadvantages of different algorithms are still a matter of debate. Most of the existing and used tractography algorithms are deterministic (for example, fiber assignment by continuous tracking algorithm 26 ). Yet, given that this algorithm uses a certain threshold of FA ( > 0.15) as a necessary condition to reconstruct fiber tracts and that it is used as dependent variable in most of the studies, a systematic bias might be introduced; 32 in subjects with lower FA throughout WM, fewer or shorter fibers will be reconstructed, thus influencing the group comparisons of specific fiber bundles. However, in this case, lower FA along the reconstructed fiber tract would be observed and this is not the case in the present study. Moreover, we demonstrated the validity and sensibility of the applied tractography algorithm by a positive tractography control (that is, successful reconstruction of fibers belonging to the cerebellar peduncle) and a negative tractography control of no output (that is, no reconstructed fibers between SC and pons).
The second limitation refers to an uncertainty regarding the underlying modification of DTI tractography changes. 60 Different macro-and microstructural characteristics of fiber bundles, such as myelination, axonal and glial loss, shape, width and curvature of the fiber tract, tissue hydration and overall brain size could influence the functioning of tractography algorithms and thereby tractography results. 28, 61, 62 Therefore, the number of virtual, reconstructed fibers cannot be directly interpreted as anatomical correlate of real fibers in the respective bundles, though the number of reconstructed fibers has previously been shown of functional significance. 29 Despite its interpretative difficulties, the finding of an increased number of reconstructed fibers between the left AH region and left SC in the present study might be understood as an increased strength or volume of the WM pathway between these two structures. However, the result might also stem from an increased number of orthogonal or crossing fibers in healthy subjects compared to BP, which might have rendered fiber tracking more difficult in HC, resulting in a reduced number of fibers between the ROI. One structure that could influence tracking from our ROIs is the CC, part of which (genu) crosses the UF at the level of the olfactory surface. Indeed, previous studies have revealed lower signal intensity and smaller volume of the CC genu in bipolar disorder. 63, 64 These structural changes might result in a diminution of fibers of the genu of the CC, possibly facilitating the tracking of the UF because of less crossing fibers of the genu. However, this is supposed to affect both hemispheres, and the result of an increased number of reconstructed fibers of the UF in BP in the present study has been observed in the left hemisphere only. Additionally, regularization for inertia was implemented in the applied tracking algorithm, reducing the influence of crossing fibers, even if this cannot be completely ruled out. Future tractography studies covering all principal fiber bundles are needed to elucidate possible influences of crossing fibers in BP as compared to HC.
Third, tractography analyses used in the present study did not allow discriminating reciprocal from unidirectional fibers between the prefrontal cortex and, respectively, the amygdala and the hippocampus. Moreover, both amygdala and hippocampus were included in a single seed mask in the present study, as the applied manual drawing approach of the seed mask did not permit separating the amygdala and hippocampus in a reliable and valid manner. We were thus not able to distinguish fibers linking the SC and amygdala from those connecting the SC and the hippocampus. Consequently, we cannot conclude which of the different pathways of the UF is the source of the observed alteration in BP. A more precise investigation of the origin of fronto-limbic WM alterations in BP with different tractography techniques 32 and separated ROIs would thus be worthwhile, to delineate the role of the distinct pathways within the pathogenesis of the disorder.
Further, the psychopharmacological treatment that was present in all but two BP restricts the interpretation of the obtained results. Owing to the small overall sample size, we were not able to rule out statistically the possibility that medication effects confounded our results. Indeed, mood stabilizers have been hypothesized to have a neuroprotective effect, indicated by increased anterior cingulate volumes in medicated as compared to unmedicated BP and HC. 65 Similarly, an increase of total gray matter volume after pharmacological treatment with lithium has been observed in healthy subjects 66 and BP. 67 Notwithstanding this potential confounding factor, an impact of volumetric seed masks' differences on the results is unlikely in the present study, as we did not observe volumetric differences for the respective seed masks. By normalizing the number of reconstructed fibers for the seed mask volume, we further minimized potential confounding effects of volumetric differences.
Finally, the sample size of the present study was relatively small which certainly limits the statistical power of the study and the generalizability of its results. In addition, we observed a rather high variance with regard to the variable of interest (that is, number of reconstructed fibers) for the left UF in BP. As we found no correlations between illness duration and clinical variables, this variability cannot be referred to a different evolution of the disorder, or to differing mood states. Unfortunately, we were not able to determine differential effects of medication, which might have driven the variability of tractography outputs in BP. However, again, a specific effect of medication on the left UF but no other fiber bundle appears to be unlikely.
Despite these limitations, a strength of this study is that we applied stringent exclusion criteria for study participation, such as a history of substance abuse or dependence, resulting in a clinically homogeneous patient group. In addition, we only included euthymic BP thereby minimizing a possible influence of the patients' symptom state on the observed alterations. The heterogeneity of previous functional and anatomical neuroimaging results in BP might in part be linked to the clinical heterogeneity of the patients included in these studies.
The present study extends previous findings of anatomical and functional modifications in ventrallimbic brain structures in BP by suggesting altered WM pathways between the SC and AH regions. Furthermore, as both brain areas have been hypothesized to be involved in normal emotion regulation, our results support the role of a modified ventrallimbic circuit in the dysregulation of emotions observed in BP. Further studies, exploring anatomical WM pathways in BP to a greater extent (for example, inclusion of other cortical regions) are needed to further investigate the neuropathology of this disorder.
